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DOPANT PRECURSORS AND PROCESSES 

Background of the Invention 

Field of the Invention 

[0001] This invention relates generally to silicon-containing films useful in the semiconductor 
industry, and more particularly to processes for making doped silicon and silicon alloy films using silicon- 
containing chemical precursors as sources for compound or doped films. 

Description of the Related Art 

[0002] Silicon and silicon-containing materials (e.g., silicon germanium, silicon germanium 
carbon, silicon carbon alloys, silicon carbide, etc.) are widely used in microelectronic devices that are 
manufactured today. Many of these materials serve as semiconductor films in integrated circuits with 
electronic band gap energies that are a function of their specific elemental composition. By incorporating 
dopant elements, primarily derived from the Group III and Group V families of elements, these 
semiconductors can be transformed into p-type (electron deficient) and n-type (electron rich) 
semiconductors. These doped materials are the building blocks for a number of microcircuit devices e.g., 
transistors. 

[0003] There are three primary processes by which silicon-containing ("Si-containing") 
materials are doped with electrically active atoms of the Group III and Group V families of elements: (1) ion 
implantation, (2) in situ doping during chemical vapor deposition, and (3) solid source diffusion. In ion 
implantation processes, a dopant precursor in a reaction chamber is fragmented to form a dopant ion and 
then mass-selected through the use of a magnetic field. These mass-selected species are then collimated 
into a beam of charged species with an incident energy determined by th ( e extraction voltage of the process. 
Doping is accomplished by directing this beam onto the Si-containing material. Ion implantation of boron is 
typically accomplished using dopant precursors such as diborane (B2H6), boron trifluoride (BF3), isotopically 
enhanced 11 B boron trifluoride and decaborane (B10H14). Typical dopant precursors for phosphorus and 
arsenic are phosphine (PH3) and arsine(AsH3), respectively. 

[0004] In chemical vapor deposition (CVD) processes, the Si-containing material can be 
doped in situ by supplying the dopant precursor to the CVD chamber during the deposition of the Si- 
containing material. Typical dopant precursors for in situ doping of silicon-based materials include diborane, 
phosphine, and arsine. 

[0005] In solid source diffusion applications, the atom(s) to be incorporated into the Si- 
containing material are either deposited in a relatively pure form on the surface of the material to be doped 
or are constituents of a heavily doped Si-containing film that is deposited on the surface of the material to 
be doped. The dopant atom(s) thus deposited are then diffused into the Skontaining material during a 
subsequent thermal anneal/drive process step. Typical dopant sources for the deposition of the dopant- 
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containing overlayer include diborane, arsine, and phosphine.< Examples of solid diffusion sources include 
heavily doped amorphous silicon and doped phosphorus-rich borophosphosilicate glass (BPSG). 

[0006] The doping processes described above are employed widely within the industry for 
the manufacture of n-type and p-type silicon-based semiconductor materials. Each of these processes' has 
limitations and drawbacks. For instance, the use of conventional dopant precursors often introduces 
unwanted elements. In the case of hydride dopant precursors, such as diborane and phosphine, various 
partially hydrogenated species formed during ion implantation create a "mass envelope 0 from which it is 
difficult to select the desired dopant species. This difficulty arises from the very small total mass of the 
fragments and the differences in mass between the various hydrogenated species (e.g., PIV, PH*, P*. 
etc.), as well as the any overlap in mass between isotopes (e.g., boron has two stable isotopes with high 
natural abundancy, 11 B and 10 B). The use of hydride dopant precursors for in situ CVD and diffusion source 
doping often has drawbacks, including: (1) poor dopant incorporation at low film deposition temperature 
(particularly for arsenic), (2) segregation of dopant atoms along grain boundaries in polycrystalline silicon- 
based materials, (3) decreased deposition rate of polycrystalline materials as the concentration of in situ , 
dopant precursors is increased, particularly at low temperature, (4) low percentage of electrically active 
dopant species relative to the total concentration of dopant atoms present within the silicon-based material, 
particularly for low deposition temperature, requiring separate activation steps that consume thermal 
budget, (5) poor control over the distribution of the dopant atoms following subsequent thermal processing 
to drive the dopant and form a p-n junction arising from multiple diffusion pathways available due to the 
partially incorporated nature of the dopant atoms (i.e., dopant atoms are substitutional^ incorporated within 
the crystalline framework of the silicon-based material as well as incorporated along grain boundaries 
and/or the surface of the film), and/or (6) limitations on the total concentration of electrically activated 
dopant atoms that can be incorporated within the silicon-based material as a function of solid solubility, 
particularly at low deposition temperature. 

[0007] The n-type dopant precursors or sources commonly utilized include phosphine and 
arsine. In addition to the problems cited above for the use of hydride dopant sources, halide sources entail 
other difficulties such as contamination of the silicon-based material with halide elements, particularly at low 
deposition temperature, and/or difficulty in delivering the dopant source to the reactor chamber as a function 
of precursor volatility. Many halides are low volatility liquids that require the use of a bubbler to deliver the 
precursor. This can also introduce problems with repeatability. 

[0008] U.S. Patent No. 4,910,153 concerns the fabrication of negatively-doped 
hydrogenated amorphous silicon alloys at relatively low deposition temperatures. Such hydrogenated 
amorphous silicon alloys generally contain 10 atomic % or more of hydrogen, which is desirable for certain 
photosensor applications. See U.S. Patent No. 4,491,626 (cited in background section of U.S. Patent No. 
4,910,153). The use of trisilylarsine and trisilylphosphine as dopants is disclosed in U.S. Patent No. 
4,910,153, but that patent does not address the problems discussed above which are encountered when 
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doping non-hydrogenated Si-containing materials or when doping crystalline Si-containing materials, such 
as polysilicon and epitaxial silicon. U.S. Patent No. 4,200,666 concerns the deposition of hydrogenated 
silicon nitride using trisilylamine, but does not disclose methods for making non-hydrogenated Skontaining 
materials . 

[0009] Thus, a number of problems remain with respect to making Si-containing films such 
as silicon alloys and doped amorphous silicon, polysilicon, and epitaxial silicon. 

Summary of the Invention 
[0010] The inventors have discovered that doped Si-containing films can be made using 
chemical precursors that comprise at least one silicon atom and at least one Group III or Group V atom. In 
accordance with one aspect of the invention, a deposition process is provided for making a non- 
hydrogenated Si-containing film, comprising: 

providing a vapor deposition chamber having a substrate disposed therein, 
introducing a dopant precursor to the chamber, wherein the dopant precursor comprises 
at least one silicon atom and at least one Group III and/or GroupV atom, and 
depositing a non-hydrogenated Si-containing film onto the substrate. 
[0011] Another aspect of the invention provides a deposition process for making an at least 
partially crystalline Si-containing film, comprising: 

providing a chemical vapor deposition chamber having a substrate disposed therein, 
introducing a silicon source and a dopant precursor to the chamber, wherein the dopant 
precursor is comprised of at ledst one silicon atom and at least one Group III and/or Group V atom, 
and 

depositing a doped Skontaining film onto the substrate. 

[0012] Another aspect of the invention provides a chemical vapor (deposition process for 
making a Skontaining film, comprising: 

providing a chemical vapor deposition chamber having a substrate disposed therein, 
introducing a silicon source and a dopant precursor to the chamber, wherein the dopant 

precursor is comprised of at least one silicon atom and at least one Group III and/or Group V atom, 
depositing a doped amorphous Skontaining film onto the substrate, and 
heating the doped amorphous Skontaining film to a temperature in the range of about 

550°C to about 700°C for a period of time effective to at least partially crystallize the doped 

amorphous Skontaining film. 

[0013] Another aspect of the invention provides an ion implantation process for making a 
doped Skontaining film, comprising: 

providing a Skontaining film on a substrate, 

providing an ionization chamber upstream of the substrate, 
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introducing a dopant precursor to the ionization chamber, wherein the dopant precursor 
comprises at least one silicon atom and at least one Group III or Group V atom, 

ionizing at least a portion of the dopant precursor, to form dopant excited species by 
applying electromagnetic energy to the dopant precursor, 

applying a magnetic field to the dopant excited species to create a sub-population of 
mass-selected dopant excited species, and 

directing at least a portion of the sub-population of mass-selected dopant excited species 
onto the Si-containing film to produce a doped Si-containing film. 

[0014] Another aspect of the invention provides a method for making a doped Si-containing 
film, comprising: 

providing a Si-containing film, 

forming a plasma from a gas comprising a dopant precursor selected from the group consisting of 
(H 3 Si)3-xMR x , (H 3 Si) 3 N, and (H3SO4N2, wherein R is H or D, x = 0, 1 or 2, and M is selected from the group 
consisting of B, P, As, and Sb; and 

implanting active species of the dopant precursor from the plasma into the Si-containing film by ion 
implantation. 

[0015] These and other aspects of the invention will be understood in view of the preferred 
embodiments described in more detail below. 

Brief Description of the Drawings 

[0016] Figure 1 shows a schematic diagram (not to scale) of a preferred ion implantation 
apparatus. 

Detailed Description of the Preferred Embodiments 

[001 7] Chemical precursors comprised of at least one silicon atom and at least one Group III 
and/or Group V atom are preferably employed in the disclosed CVD and ion implantation processes. The 
term "Group III" refers to elements in Group III of the periodic table and thus includes B, Al, Ga, In, and Tl. 
The term "Group V" refers to elements in Group V of the periodic table and thus includes N, P, As, Sb and 
Bi. Preferred chemical precursors include (HsSQ^MR* (H 3 Si) 3 N, and (H 3 Si) 4 N 2l wherein R is H or D, x = 0, 
1 or 2, and M is selected from the group consisting of B, Al, Ga, In, P, As, and Sb. The term "dopant 
precursor* is used herein to refer to the group of chemical precursors that includes electrically active 
dopants, e.g., an element selected from the group consisting of boron, arsenic, phosphorous and antimony. 
The term "dopant precursor* also includes chemical precursors that comprise a nitrogen atom, in the 
context of making nitrogen-doped films such as nitrogen-doped SiC. Such chemical precursors may be 
•obtained commercially or prepared by methods known to those skilled in the art. 

[0018] Trisilylarsine ((SiH 3 );jAs and deuterated versions thereof) and trisilylphosphine 
((SiH 3 ) 3 P and deuterated versions thereof) are especially preferred dopant precursors for making the alloys 
and doped Si-containing films described herein. Such precursors may be made by methods known to those 
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skilled in the art, see, e.g., Examples 12 and 13 of U.S. Patent No. 4,910,153, which is hereby incorporated 
be reference in its entirety and particularly for the purpose of describing the preparation of chemical 
precursors. Nitrogen-containing chemical precursors that are free of N-H bonds are preferred dopant 
sources for lll-V compound semiconductor materials and for making nitrogen-doped silicon carbide (SiC) 
films. Examples of such preferred precursors include trisilylamine and tetrasilylhydrazine. 

[0019] In some embodiments, a dopant precursor is preferably used in combination with an 
elemental source such as a silicon source, germanium source, oxygen source, and/or carbon source. 
"Elemental sources" are sources of the particular element in question. The dopant precursors disclosed 
herein can serve as elemental sources but, to avoid confusion, the term "elemental source" as used herein 
does not include compounds identified above as dopant precursors. 

[0020] Examples of preferred elemental sources include silicon sources, germanium 
sources and carbon sources, Silicon sources are compounds that can be used in a CVD or ion implantation 
process as a source of silicon atoms for deposition on a substrate. Preferred silicon sources include silane, 
disilane and trisilane, more preferably trisilane. Germanium sources are materials that can be used in a 
CVD or ion implantation process as a source of germanium atoms for deposition on a substrate. Preferred 
germanium sources include germane, digermane and trigermane, more preferably digermane. Carbon 
sources are compounds that can be used in a CVD or ion implantation process as a source of carbon atoms 
for deposition on a substrate. Preferred carbon sources include hydrocarbons, e.g. methane, ethane, 
propane, butane, etc. Preferred precursor compounds serve as sources for two or more elements. For 
example, tetrasilylmethane, trisilylmethane, disilylmethane, silylmethane, dimethylsilane, trimethylsilane, 
and tetramethlysilane can serve as both carbon sources and silicon sources. In the following discussion, 
unless otherwise stated, it will be understood that the chemical precursor may optionally be a mixture of 
chemical precursors and may optionally comprise one or more elemental sources. 

[0021 ] The amount of elemental source used in combination with one or more precursors as 
described herein can vary over a broad range, depending on the amount of Group III or Group V element 
desired in the deposited film. The dopant precursor comprises an amount of elemental source in the range 
from nil to 99.999999%, by weight based on the total amount of chemical precursor and elemental source. 
For example, if the amount of silicon, germanium, and/or carbon source is low or zero, the dopant 
precursors) may be the primary or sole source of silicon and an alloy film containing relatively large 
amounts of Group III or Group V elements can be prepared. On the other hand, at very high levels of 
silicon, germanium and/or carbon source, the dopant precursor primarily functions as a source of Group III 
or Group V atoms that are incorporated into the film in an amount that is effective to constitute n-type or p- 
type doping of the film. Carbon sources, when used, are preferably employed along with a dopant 
precursor and a silicon source to deposit SiC materials, preferably nitrogen-doped SiC. As used herein, 
"SiC", "SiN," "SiGe", "SiON," "SiGeC," etc., represent materials that contain the indicated elements in 
various proportions. For example, "SiC is a material that comprises silicon, carbon and, optionally, other 
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elements, e.g., nitrogen. D SiCY u SiN,° u SiGe B , "SiON, 0 and "SiGeC" are not chemical formulas per se and 
thus are not limited to materials that contain particular ratios of the indicated elements. 

[0022] Preferably, delivery of the dopant precursor to the substrate surface is accomplished 
by introducing the dopant precursor to a suitable chamber having the substrate disposed therein. By 
establishing deposition conditions in the chamber and supplying the dopant precursor to the substrate 
surface, a high quality Si-containing film can be deposited onto the substrate. Deposition may be suitably 
conducted according to the various deposition methods known to those skilled in the art, particularly vapor 
deposition methods, but the greatest benefits are obtained when deposition is conducted according to the 
chemical vapor deposition (CVD) methods taught herein. The disclosed methods may be suitably practiced 
by employing thermal CVD, atomic layer deposition ("ALD"), or plasma-enhanced CVD fPECVD"), 
preferably by supplying the dopant precursor to the chamber in the form of, or as a component of, a gas, 
e.g. a feed gas. 

[0023] .' Thermal CVD is preferably conducted at a substrate temperature of about 400°C or 
greater, more preferably about 450°C or greater, even more preferably about 500°C or greater. Preferably, 
deposition takes place at a temperature of about 750°C or less, more preferably about 700°C or less, most 
preferably about 650°C or less. Such temperatures are preferably achieved by heating the substrate to the 
indicated temperature. Those skilled in the art can adjust these temperature ranges to take into account the 
realities of actual manufacturing, e.g., preservation of thermal budget, deposition rate, etc. Preferred 

* deposition temperatures thus depend on the desired application, but are typically in the range of about 
400°C to about 750°C, preferably about 450°C to about 700°C, more preferably about 500°C to about 
650°C. The deposition temperature may affect the crystallinity of the deposited film. Depending on the 
application, it may be desirable to deposit an amorphous film, a film having relatively low crystallinity, a 
polycrystalline film, or an epitaxial film. Generally, greater crystallinity is produced at higher deposition 
temperatures. Epitaxy also requires a high quality crystalline surface on which to deposit. 

[0024] For thermal CVD, the dopant precursor is preferably introduced to the CVD chamber 
in the form of a gas or as a component of a feed gas. The total pressure in the CVD chamber is preferably 
in the range of about 0.001 torr to about 800 torr, more preferably in the range of about 0.1 torr to about 760 
torr, most preferably in the range of about 1 torr to about 100 torr. The partial pressure of the dopant 
precursor is preferably in the range of about 0.0001% to about 100% of the total pressure, more preferably 

. about 0.001% to about 50% of the total pressure. The feed gas can include a gas or gases other than the 
dopant precursor, such as inert carrier gases. Hydrogen and nitrogen are preferred carrier gases for the 
methods described herein. .For dopant precursors that are liquids at room temperature and pressure, the 
dopant precursor is preferably introduced to the chamber by way of a bubbler used with a carrier gas to 
entrain the dopant precursor vapor, more preferably a temperature controlled bubbler, for high targeted 
dopant concentrations. For low targeted dopant concentrations, the dopant precursor may advantageously 
be delivered as part of a pre-formed mixture with a carrier gas such as hydrogen or nitrogen. Preferably, 
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the pre-formed mixture is contained within a source vessel, e.g., gas cylinder, prior to use. The 
concentration of the precursor and the pressure in the vessel are preferably selected so that the dopant 
precursor remains a gas. Preferred dopant precursor concentration and vessel pressure ranges can be 
determined through routine experimentation using methods known to those skilled in the art. 

[0025] A suitable manifold may be used to supply feed gas(es) to the CVD chamber. In a 
preferred embodiment, the gas flow in the CVD chamber is horizontal, most preferably the chamber is a 
single-wafer, horizontal gas flow reactor, preferably radiatively heated. Suitable reactors of this type are 
commercially available, and preferred models include the Epsilon™ series of single wafer reactors 
commercially available from ASM America, Inc. of Phoenix, Arizona. While the methods described herein 
can also be employed in alternative reactors, such as a showerhead arrangement, benefits in increased 
uniformity and deposition rates have been found particularly effective in the horizontal, single-pass laminar 
gas flow arrangement of the Epsilon™ chambers, employing a rotating substrate, particularly with low 
process gas residence times (e.g., less than about 100 seconds) within the chamber during processing. 

[0026] For PECVD, suitable deposition conditions can be created by coupling energy to a 
gas mixture including a dopant precursor in order to ionize the dopant precursor and create radicals. A 
preferred plasma can be generated by applying high- or low-radio frequency power to the dopant precursor. 
The plasma may be generated remotely, e.g., outside of the CVD chamber, then the activated atoms and/or 
molecules can be introduced to the CVD chamber, or the activated atoms and/or molecules can be 
introduced to the chamber by generating the plasma within the chamber. In a preferred embodiment, an in 
situ plasma is created within the deposition chamber in the presence of the dopant precursor. A preferred 
PECVD chamber is an Eagle-10™ reactor, available commercially from ASM Japan K.K., of Tokyo, Japan. 
Preferred power levels may range up to about 5 kW. 

[0027] PECVD is preferably conducted at a substrate temperature of about 0°C or greater, 
more preferably about 50°C or greater, even more preferably about 100°C or greater. Preferably, such 
deposition takes place at a temperature of about 650°C or less, more preferably about 550°C or less, most 
preferably about 450°C or less. As in the thermal CVD techniques discussed above, preferred deposition 
temperatures depend on the desired application. Typical PECVD deposition temperatures are in the range 
of about 0°C to about 650°C, preferably about SOX to about 550°C, more preferably about 100°C to about 
450°C. 

[0028] In the preferred in situ plasma embodiment, the dopant precursor is preferably 
introduced to the PECVD chamber in the form of a gas or as a component of a feed gas, using a suitable 
manifold and/or bubbler where appropriate. The total pressure in the PECVD chamber is preferably in the 
range of about 0.1 torr to about 10 torr, more preferably in the range of about 0.5 torr to about 8 ton, most 
preferably in the range of about 1 torr to about 5 torr. The partial pressure of the dopant precursor is 
preferably in the range of about 0.0001% to about 100% of the total pressure, more preferably about 
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0.001% to about 50% of the total pressure. The feed gas can include a gas or gases other than the dopant 
precursor, such as inert carrier gases. Helium and argon are preferred carrier gases for PECVD. 

[0029] Atomic layer deposition (ALD) may also be used to deposit Si-containing films using 
chemical precursors described herein. ALD, as used herein, refers to a process in which very thin layers 
are deposited sequentially on a surface. ALD generally proceeds differently from conventional CVD 
techniques. In conventional CVD, when two or more reactant gases are introduced to the deposition 
chamber, they react together on the substrate and form a deposit on the substrate surface. In ALD, the 
reactant gases are introduced one at a time, without substantial mixing in the gas phase. Films deposited 
by ALD are built up in cycles by introducing short, alternating pulses of each reactant. The pulses may 
optionally comprise inert gases e.g. carrier gases such as helium, hydrogen, argon and/or nitrogen. Such 
inert gases also preferably serve to aid removal of reactants between pulses by purging. 

[0030] In ALD, the first reactant chemisorbs on the substrate to form no more than one 
monolayer of chemisorbed species. As used herein, "chemisorb" and "chemisorption" refer to a chemical 
adsorption process in which chemical bonds are formed between gas or liquid molecules and a surface. 
Under the ALD conditions, the first reactant absorbs on the substrate, but does not react with itself, so the 
chemisorbed species form no more than a monolayer because they are incapable of undergoing further 
reaction with the first reactant. To this end, temperatures are desirably maintained in the temperature 
window described below. Any excess of the first reactant that is not chemisorbed is typically purged or 
evacuated. A second reactant is then introduced which reacts with the first monolayer or partial monolayer 
formed during the previous pulse. Since the second reactant reacts with the chemisorbed species in the 
first monolayer, but not with itself, it is also self-limiting in effect. This self-limiting, layer-by-layer process is 
continued in a like manner by introducing alternating pulses of the first and second reactant until a film 
having the desired thickness is obtained. Three or more reactant pulses can also be employed in an ALD 
cycle. 

[0031] In a preferred embodiment, ALD is conducted by alternately introducing a dopant 
precursor and a second reactant, each optionally in the presence of a carrier gas. The dopant precursor is 
provided in the absence of the second reactant. Preferred dopant precursors include trisilylarsine, 
trisilylphosphine, trisilylamine, and tetrasilylhydrazine, most preferably trisilylamine. A preferred second 
reactant is an oxygen source, more preferably water, water vapor, or ozone. Deposition temperatures are 
preferably selected to be above the condensation temperatures and below the thermal decomposition 
temperatures of the reactants used. Preferably, temperatures are in the range of about 50°C to about 
350°C, more preferably about 65°C to about 300°C. Preferably, films deposited by ALD are non- 
hydrogenated. ALD is preferably conducted using commercially available equipment. Particularly preferred 
tools for these purposes are the line of Atomic Layer CVD™ equipment available commercially from ASM 
International N.V., Bilthoven, the Netherlands. The Pulsar 2000™ reactor is particularly designed for single 
wafer ALD processing. 
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[0032] Films formed by CVD are preferably amorphous or crystalline films that contain 
silicon and a Group III or Group V element. Preferred examples include doped amorphous silicon films, 
doped crystalline silicon films, nitrogen-doped SiC, and alloys of silicon with electrically active dopants such 
as As, P, B and Sb. As used herein, the term "crystalline" includes polycrystalline and single crystal types 
of crystalline morphology. An epitaxial layer is a deposited layer in which the crystalline structure matches 
that of the underlying substrate. The chemical composition of the resulting Si-containing film is preferably 
controlled by controlling the partial pressures of the dopant precursor and elemental source (if any) through 
routine experimentation. The relative amounts of silicon, Group III or Group V element, and any additional 
elements in the resulting film generally reflect the composition and amounts of the chemical precursors) 
and elemental sources used to deposit the film, as well as deposition conditions. Thus, the relative 
amounts of the various elements can be varied over a broad range by selecting the appropriate amount of 
dopant precursor and, optionally, elemental source for a given set of deposition conditions. For example, 
towards one end of the range, an alloy film having a relatively high concentration of Group III or Group V 
element can be deposited using little or no elemental source and a dopant precursor containing a relatively 
low level of silicon, such as H 3 SiAsH 2 . Towards the other end of the range, a lightly doped film containing 
parts per billion (ppb) levels of Group III of Group V element can be deposited using relatively low levels of 
dopant precursor and relatively large amounts of silicon and/or germanium sources. 

[0033] The thickness of the deposited films may be varied over a broad range as desired, 
depending on the specific application, by controlling the feed rate of the reactants and the deposition time 
and temperature. Generally, thicker films are obtained at higher feed rates and temperatures, and at longer 
deposition times. Preferred film thicknesses are in the range of about 10 A to about 10,000 A, depending 
on the desired application. 

[0034] Advantageously, the precursors described herein facilitate deposition with low 
hydrogen contamination under selected conditions. Accordingly, a preferred embodiment provides a CVD 
process for making a non-hydrogenated Si-containing film. Hydrogenated films generally contain 10 atomic 
% or more of hydrogen. Films containing less than 10 atomic % hydrogen are considered non- 
hydrogenated for purposed of the present disclosure. Preferably, the film formed by the CVD process- 
contains about 5 atomic % hydrogen or less, more preferably about 2 atomic % hydrogen or less. 
Hydrogenation is favored at low deposition temperatures, so thermal CVD is preferably conducted at a 
deposition temperature high enough to produce non-hydrogenated films. More preferably, thermal CVD is 
conducted at a temperature in the range of about 425°C to about 700°C, most preferably about 450°C to 
about 650°C. Examples of the resulting non-hydrogenated Si-containing films include doped amorphous 
silicon, doped polysilicon, doped epitaxial silicon, doped silicon carbide (SiC), doped silicon germanium 
(SiGe), and doped silicon germanium carbon (SiGeC). 

[0035] Thermal CVD is particularly preferred for the deposition of SiN using dopant 
precursors such as trisilylamine and tetrasilylhydrazine, because the presence of hydrogen-containing 
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molecules during PEVCD tends to result in hydrogenated films. PECVD can also be employed, however, to 
achieve non-hydrogenated films if higher temperatures than conventional PECVD are employed. 
Deposition of non-hydrogenated Si-containing films using PECVD is preferably conducted by heating the 
substrate to a temperature in the range of about 550°C to about 700°C. 

[0036] . Thermal CVD is also preferred for the deposition of non-hydrogenated SiC films. A 
particularly preferred thermal CVD process produces a nitrogen-doped SiC film using a small amount of a 
nitrogen-containing dopant precursor, preferably trisilylamine and/or tetrasilylhydrazine, along with a silicon 
source, preferably trisilane, and a carbon source, preferably tetrasilylmethane. The amounts of nitrogen- 
containing dopant precursor, silicon source and carbon source are preferably chosen to be effective to 
provide a SiC material having a nitrogen level in the range of about 100 ppm to about 10,000 ppm. Such 
films are particularly useful in integrated circuits as diffusion barriers and etch stop layers. 

[0037] The CVD processes for making non-hydrogenated Si-containing films preferably 
utilize a dopant precursor having the formula (H 3 Si)3-xMR x , wherein R is H or D, x = 0, 1 or 2, and M is 
selected from the group consisting of B, Al, Ga, In, P, As, and Sb. Specific examples of preferred dopant 
precursors include trisilylarsine and trisilylphosphine. The reactant gases preferably further comprise a 
silicon source, more preferably silane, disilane or trisilane. Optionally, the reactant gases may further 
comprise a germanium source, preferably digermane, and/or a carbon source, preferably tetrasilylmethane. 
In one embodiment, the non-hydrogenated Si-contaihing film comprises an alloy, preferably comprising 
about 50 atomic % to about 99.9 atomic % Si and the remainder arsenic or phosphorous. In another 
embodiment, the non-hydrogenated Si-containing film comprises a doped Si-containing film, preferably 
comprising an amount of arsenic or phosphorous in the range of about 1 part per billion (ppb) to about 
1,000 parts per million (ppm, 0.1 atomic %). 

[0038] In another preferred embodiment, a CVD process is provided for making a Si- 
containing film that is at least partially crystalline by using a silicon source and a dopant precursor. 
Crystallinity can be obtained in various ways. For example, the film can be deposited, preferably by thermal 
CVD, at a temperature that is effective to produce at least partial crystallinity, preferably in the range of 
about 550°C to about 700°C. The resulting film can be polycrystalline or single crystal, depending largely 
on the quality of the underlying surface. In the alternative, crystallinity can be obtained by first depositing an 
amorphous film and then heating in a separate anneal to at least partially crystallize the film. Amorphous 
films may be deposited by thermal CVD, preferably at a temperature in the range of about 450° to about 
600°C, or by PECVD. Thermal CVD is preferred to drive hydrogen out of the film when depositing non- 
hydrogenated amorphous films. Preferably, the amorphous film is heated to a temperature and for a period 
of time that is effective to produce crystallinity, more preferably to a temperature in the range of about 
550°C to about 700°C for a period of time in the range of from about 2 minutes to about 1 hour. The 
• resulting film after annealing is typically polycrystalline. 
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[0039] Preferred silicon sources for Use in forming the crystalline film include silane, disilane 
and, more preferably, trisilane. Preferred dopant precursors include precursors of the formula (H3Si) 3 . x MRx, 
where R is H or D, x = 0, 1 or 2, and M is an electrical dopant atom selected from the group consisting of P, 
As, B, and Sb. Trisilylarsine and trisilylphosphine are examples of such preferred dopant precursors. ,The 
dopant precursor and silicon source are preferably introduced to the chamber in amounts effective to result 
in the deposition of a Skontaining film comprising an amount of dopant, preferably arsenic or phosphorous, 
in the range of about 1 ppb to about 1,000 parts ppm, more preferably about 100 ppb to about 100 ppm. 
Other elemental sources, e.g., germanium sources and/or carbon sources, can also be introduced to the 
chamber during deposition to thereby incorporate those elements into the resulting film. 

[0040] Doped crystalline Si-containing films formed by the CVD processes described herein 
are useful in a number of microelectronics applications, e.g., base structures for transistors. In preferred 
embodiments, such films typically contain from about 60 atomic % to about 99.9999999 atomic % silicon, 
from 0 % to about 40 atomic % germanium, and from about 1 ppb to about 1 atomic % of a dopant selected 
from the group consisting of arsenic, boron, indium, phosphorous and antimony, but higher or lower 
concentrations are sometimes used depending upon the application. Such films are deposited by the CVD ' 
methods described herein using a silicon source, preferably selected from the group consisting of silicon 
hydrides (e.g., silane, disilane and trisilane), more preferably trisilane; an optional germanium source 
selected from the group consisting of germane, digermane and trigermane, preferably digermane; and a 
dopant precursor selected from the group consisting of trisilylarsine, trisilylphosphine, and trisilylstibine. 
The relative amounts of silicon source, germanium source, and dopant precursor depend on the specific 
composition desired in the resulting film and may be determined by routine experimentation. 

[0041] Doped Si-containing films formed by the CVD processes described herein are useful 
as solid diffusion sources. In preferred embodiments, such films contain from about 50 atomic % to about 
99.9999 atomic % silicon and from about 1 ppm to about 50 atomic %, preferably about 1 atomic % to about 
35 atomic %, of a dopant selected from the group consisting of arsenic, boron, indium, phosphorous and 
antimony. Such films are preferably deposited by the CVD methods described herein using a silicon source 
selected from the group consisting of silane, disilane, and trisilane, preferably trisilane; and a dopant 
precursor selected from the group consisting of trisilylarsine, trisilylphosphine, and silylstibine. The relative 
amounts of silicon source and dopant precursor depend on the specific composition desired in the resulting 
solid diffusion source and may be determined by routine experimentation. 

[0042] Solid diffusion sources can be advantageously formed by the CVD processes 
described herein with relatively high levels of dopants that are more uniformly distributed throughout the 
source, without the disadvantages associated with such high dopant levels in films formed by conventional 
precursors. In situ doped films using conventional precursors are difficult to controllably deposit. Preferred 
solid diffusion sources are thin, more preferably having a thickness in the range of about 50 A to about 100 
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A. Uniform dopant distribution in such thin films is particularly advantageous. Continuity of the film further 
ensures uniform doping of the structure to be doped by diffusion from the solid source film. 

[0043] A preferred embodiment provides an ion implantation process for making a doped Si- 
containing film. A schematic diagram of an exemplary ion implantation system is shown in Figure 1. With 
reference to Figure 1, in a preferred embodiment a dopant precursor as described herein is contained in a 
vessel 10 connected by a feed line 20 to an ionization chamber 30 situated near the upstream end of an 
evacuated ion acceleration chamber 40. The flow of dopant precursor from the vessel 10 via the feed line 
20 can be controlled by a manifold 45, preferably equipped with a valve, more preferably equipped with a 
mass flow controller. The vessel 10 may contain the dopant precursor in a concentrated form or diluted 
with a carrier gas such as helium, or in admixture with other chemical precursors. Figure 1 shows a single 
vessel 10, but additional vessels can be used to contain the carrier gases and/or other chemical precursors. 
Each additional vessel may be connected to a common feed line or via separate manifolds to the ionization 
chamber. 

[0044] The dopant precursor is ionized in the ionization chamber 30 to form various dopant 
excited species, e.g., dopant ions and/or molecular fragments, of differing masses by applying 
electromagnetic energy, e.g., radio frequency energy, to the gas. These species are accelerated through 
the chamber 40 along the general path shown in Figure 1 by the dotted line 50 into an evacuated mass 
separation chamber 60. The chamber 60 is preferably equipped with an analyzing magnet (not shown) that 
' separates the species from one another based on mass. By varying the strength of the magnetic field of the 
analyzing magnet, a sub-population of dopant excited species having the desired mass are selected and 
directed down into an evacuated chamber 70 attached to the chamber 60 along the path generally indicated 
in Figure 1 by the dotted line 80. The remaining species not having the desired mass are not selected and 
do not form part of the sub-population, and their paths are indicated generally by the dotted lines 90 and 
100 in Figure 1. A Si-containing film on a substrate 110 contained within the chamber 120 attached to the 
end of the chamber 70 is doped using ion implantation by exposing it to the mass-selected dopant excited 
species that exit the chamber 70. 

[0045] Another ion implantation process applicable to the preferred dopant precursors is 
plasma immersion ion implantation ("Pill"), also known as plasma source ion implantation ("PSIP). This 
technique is known to those skilled in the art, see, e.g., U.S. Patent Nos. 6,186,091; 6,051,073; and 
5,653,811, all of which are incorporated herein by reference and expressly for the purpose of describing Pill 
processes. Pill tools and application technology differ from that shown in Figure 1, but are commercially 
available from Silicon Genesis Corporation, Campbell, California. Pill tools can be used to implant dopant 
atoms into Si-containing films by supplying the tool with a source of dopant precursor in accordance with the 
operating instructions for the particular tool. 

[0046] The Si-containing film that is doped by ion implantation is preferably an amorphous 
silicon film, a crystalline silicon film (single crystal or polycrystalline), a SiN film or a SiC film. Preferred 
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chemical precursors are selected from the group consisting of (HbSiVxMRx, (H3SO3N, and (HsSfyN^ wherein 
R is H or D, x = 0, 1 or 2, and M is selected from the group consisting of B, Al, Ga, In, P, As, and Sb. 
Examples of preferred dopant precursors 'include trisilylarsine, trisilylphosphine, trisilylamine, and 
tetrasilylhydrazine. The resulting doped Si-containing film preferably comprises an amount of dopant atom, 
preferably arsenic or phosphorous, in the range of about 1 part per billion to about 1,000 parts per million, 
more preferably about 100 ppb to about 100 ppm. The amount of dopant can be controlled through routine 
experimentation by varying the implantation time and the rate at which the dopant precursor is supplied to 
the system. 

[0047] The process of implanting dopant ions into a single crystal Si-containing film may 
damage the crystal structure, see Peter Van Zant, "Microchip Fabrication," 4 th Ed., McGraw Hill, New York, 
(2000), pp. 349-351. The crystal damage can be repaired by annealing the doped Si-containing film at a 
temperature and for a period of time effective to repair the damage. The temperature should be selected to 
facilitate repair in a reasonable amount of time while minimizing unwanted diffusion of the dopant. 
Preferably, annealing is conducted at a temperature in the range of about 100°C to about 700°C, more 
preferably about 300°C to about 650°C, for a period of time in the range of about 2 minutes to about 1 hour. 

[0048] The use of the dopant precursors as described herein provides an improved method 
for making p-type and n-type silicon-based materials, and, as a direct result, an improved method for 
manufacturing silicon-based semiconductor devices. For instance, the use of these precursors can provide 
a number of advantages for ion implantation of Group 111 and Group V elements. Higher mass fragments 
may be generated that contain both the dopant atom to be implanted and silicon, without any unwanted 
elements, as compared to PH 2+ , PH2 + , AsH 2+ , Ashb*, etc. This can enable the selection of fragments with 
higher mass with improved resolution relative to the hydride dopant sources commonly employed. The 
additional silicon atoms implanted in the surfaces can provide a benefit by enabling lower annealing 
temperatures and/or shorter annealing times for repair of implant damage. In high enough concentration, 
the additional silicon atoms can also help to prevent channeling of the ion beam within the crystalline lattice 
of single crystal silicon-based materials that are to be implanted. The higher mass of the species to be 
implanted can also allow for better control of the dopant profile in the implanted material. 

[0049] Also, the use of the dopant precursors as described herein preferably provides a 
number of advantages for the in situ doping of silicon-based materials by CVD methods. For instance, 
dopants are incorporated with high efficiency within silicon-based materials, particularly at low deposition 
temperatures, as compared to the use of AsFb, PH3, etc. Such high dopant levels can be obtained 
controllably in thin, uniform films, due in part to silicon-dopant bonds within the dopant precursor. 

[0050] Preferably, use of the dopant precursors described herein also results in reduced 
segregation of dopant atoms to grain boundaries in polycrystalline silicon-based materials, relative to 
conventional dopant precursors. Increased deposition rates for doped polycrystalline materials, relative to 
hydride dopant source chemicals can be obtained, particularly at low deposition temperatures. Likewise, 
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the preferred precursors obtain a higher percentage of electrically active dopant species in as-deposited 
silicon-based materials relative to hydride source chemicals, particularly at low deposition temperatures. 
Also, the preferred precursors permit improved control over the distribution of dopant atoms following 
subsequent p-n junction formation, due to a higher percentage of substitutionally incorporated dopant atoms 
and reduced dopant atom concentration along grain boundaries. Higher total dopant concentrations in 
single crystal and polycrystalline materials are preferably achieved due to the chemical properties of the 
dopant precursors (e.g., higher total solubility), particularly at low deposition temperatures. Preferred 
dopant precursors include only elements to be deposited (namely silicon and a dopant) and hydrogen, 
which is preferably eliminated during the deposition process. Use of preferred dopant precursors can also 
provide increased decomposition efficiency relative to halide sources, particularly at low deposition 
temperatures. Improved as-deposited dopant uniformity results, inter alia, from the high reactivity and low 
surface mobility of the preferred dopant precursors relative to the hydride sources, particularly at low 
deposition temperatures. The molecular structure of the dopant precursors may also help to alleviate stress 
on a localized level within the resulting doped Si-containing materials in addition to providing the desired 
electrical properties. 

[0051] With respect to nitrogen doping, trisilyiamine and tetrasilylhydrazine are 
advantageously free of N-H bonds that are difficult to eliminate at low deposition temperatures and the Si 
atoms present in the dopant precursors may also facilitate higher growth rates for low temperature SiC. 
Use of trisilyiamine and/or tetrasilylhydrazine as nitrogen sources for CVD deposition of SiC deposited at 
low temperatures may provide an advantage over current doping techniques that require the use of ion 
implantation, molecular nitrogen or ammonia by providing alternative ways to incorporate nitrogen atoms 
into SiC. 

EXAMPLES 1-3 

[0052] A tube furnace having an inlet and outlet was equipped with a pre-mix chamber and 
mass flow controller. Three Si <100> substrates were placed along the length of the furnace. . The furnace 
was evacuated and heated to a temperature of about 575°C. Trisilylphosphine gas was introduced into the 
furnace at a flow rate of about 5-10 standard cubic centimeters per minute ("seem") and a pressure of about 
0.001 torr, and continued for about 15 minutes. The trisilylphosphine flowed along the length of the furnace 
to the outlet, thereby depositing Si-containing films on each of the three substrates. The substrate of 
Example 1 was closest to the inlet and the substrate of Example 3 was closest to the outlet. 

[0053] AH three films were polycrystalline and had a thickness in the range of about 500 A to 
about 1000 A. The approximate composition (± 1 atomic %) of each of the deposited films was measured 
by Rutherford backscattering spectroscopy ("RBS"). Hydrogen concentration was measured using RBS 
elastic recoil detection ("ERD") and confirmed qualitatively by Fourier-transform infrared spectroscopy 
(TTIR 0 ). The results are shown below in Table 1 . No oxygen or hydrogen was detected in any of the films. 
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These examples demonstrate the deposition of non-hydrogenated Si-containing films by thermal CVD using 
trisilylphosphine. 



TABLE 1 



Example No. 


Si 


. P 


1 


68 


32 


2 


80 


20 


3 


89 


11 



EXAMPLE 4 

[0054] A Si <100> wafer substrate is etched in a solution of dilute hydrofluoric acid, rinsed 
and dried, then loaded into an Epsilon E2500™ reactor system (available commercially from ASM America, 
Inc. of Phoenix, Arizona) and subjected to a hydrogen bake at 900°C at atmospheric pressure under a flow 
of 80 standard liters per minute (slm) of ultra-pure hydrogen for 2 minutes. The substrate is then allowed to 
reach thermal equilibrium at 600°C at 40 Torr pressure under a flow of 20 slm of ultra-pure hydrogen gas. 
The steps of etching, drying, rinsing, and baking render the single crystal surface active for epitaxial film 
growth. 

[0055] Pure hydrogen gas is then passed through a liquid mixture of 99.999 weight % 
, trisilane and 0.001 weight % trisilylarsine in order to deliver a vapor comprising trisilane and trisilylarsine to 
the heated substrate. The liquid mixture is maintained at room temperature using a water bath around the 
bubbler containing the mixture. The vapor is introduced into the reactor at a flow rate of 90 seem for 2 
minutes. A high crystal quality, arsenic-doped epitaxial silicon film having a thickness of about 180 A is 
deposited on the Si <100> substrate. No hydrogen is detected in the film by RBS using ERD. This example 
illustrates the deposition of a non-hydrogenated crystalline doped Si-containing film by thermal CVD using a 
preferred silicon source (trisilane) and a preferred dopant precursor (trisilylarsine). 

[0056] Although the foregoing invention has been described in terms of certain preferred 
embodiments, other embodiments will become apparent to those of ordinary skill in the art in view of the 
disclosure herein. Accordingly, the present invention is not intended to be limited by the recitation of 
preferred embodiments, but is intended to be defined solely by reference to the appended claims. 
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1 CLAIM : 

1 . A deposition process for making a non-hydrogenated Si-containing film, comprising: 
providing a vapor deposition chamber having a substrate disposed therein; 
introducing a dopant precursor to the chamber, wherein the dopant precursor comprises 

at least one silicon atom and at least one Group III or Group V atom; and 

■ depositing a non-hydrogenated Si-containing film onto the substrate. 

2. The process of Claim 1, wherein the dopant precursor has the form (hbSi^xMRx, and 
wherein R is H or D, x = 0, 1 or 2, and M is selected from the group consisting of B, P, As, and Sb, 

3. The process of Claim 2, further comprising introducing a silicon source to the chamber. 

4. The process of Claim 3, wherein the silicon source is selected from the group consisting 
of silane, disilane and trisilane. 

5. The- process of Claim 2, wherein the dopant precursor is selected from the group 
consisting of trisilylarsine and trisilylphosphine. 

6. The process of Claim 5, wherein the Si-containing film is an alloy comprising an amount 
of silicon in the range of about 50 atomic % to about 99.9 atomic %. 

, 7. The process of Claim 5, wherein the Si-containing film comprises an amount of arsenic or 
phosphorous in the range of about 1 part per billion to about 1 ,000 parts per million. 

8. The process of Claim 2, wherein the Si-containing film is a crystalline film. 

9. The process of Claim 8, wherein the Si-containing film is an epitaxial film. 

10. The process of Claim 2, wherein the Si-containing film is a solid diffusion source. 

11. The process of Claim 1, wherein the Si-containing film is deposited by thermal chemical 
vapor deposition. 

12. The process of Claim 11, wherein the dopant precursor is selected from the group 
consisting of (H3SO3N and (H3SO2N2. 

13. The process of Claim 12, further comprising introducing a carbon source and a silicon 
source to the chamber to thereby deposit a nitrogen-doped SiC film as the non-hydrogenated Si-containing 
•film. 

14. The process of Claim 1, wherein the Si-containing film is deposited by plasma-enhanced 
chemical vapor deposition. 

15. The process of Claim 1, wherein the Si-containing film is deposited at a temperature of 
about 400°C or greater. 

1 6. The process of Claim 1 , wherein the Si-containing film is deposited at a temperature in the 
range of about 450°C to about 700°C. 

17. The process of Claim 1, wherein the Si-containing film contains about 5 atomic % 
hydrogen or less. 
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18. The process of Claim 1, wherein the Si-containing film contains about 2 atomic % 
hydrogen or less. 

19. The process of Claim 1, further comprising introducing an oxygen-containing pulse to the 
chamber, wherein the dopant precursor is selected from the group consisting of trisilylamine and 
tetrasilylhydrazine, and wherein the non-hydrogenated Si-containing film is deposited by atomic layer 
deposition. 

20. The process of Claim 1 9, wherein the dopant precursor is trisilylamine. 

21. The process of Claim 1, further comprising introducing a germanium source to the 
chamber. 

22. The process of Claim 1 , wherein the Si-containing film comprises a material selected from 
the group consisting of doped amorphous silicon, doped polysilicon, doped epitaxial silicon, doped SiC, 
doped SiGe, and doped SiGeC. 

23. A chemical vapor deposition process for making an at least partially crystalline Si- 
containing film, comprising 

providing a chemical vapor deposition chamber having a substrate disposed therein, 
introducing a silicon source and a dopant precursor to the chamber, wherein the dopant 
precursor is comprised of at least one silicon atom and at least one Group III or Group V atom, and 
depositing a doped Si-containing film onto the substrate. 

24. The process of Claim 23, wherein the substrate is maintained at a temperature between 
about 550°C and about 700°C and the film is at least partially crystalline as deposited. 

25. The process of Claim 23, wherein the silicon source is selected from the group consisting 
of silane, disilane and trisilane. 

26. The process of Claim 25, wherein the dopant preqursor is selected from the group 
consisting of trisilylarsine and trisilylphosphine. 

27. The process of Claim 26, wherein the doped Si-containing film comprises an amount of 
arsenic or phosphorous in the range of about 1 part per billion to about 1,000 parts per million. 

28. The process of Claim 23, further comprising introducing a carbon source to the chamber 
to thereby deposit a nitrogen-doped SiC film as the doped Si-containing film. 

29. The process of Claim 28, wherein the dopant precursor is selected from the group 
consisting of (H 3 Si) 3 N and (H 3 Si) 4 N 2 . 

30. The process of Claim 29, wherein the dopant precursor is (H 3 Si) 3 N. 

31 . The process of Claim 23, wherein the doped Si-containing film is a single crystal. 

32. The process of Claim 23, further comprising introducing a germanium source to the 
chamber. 

33. The process of Claim 23, wherein the doped Si-containing film is amorphous as 
deposited, further comprising: 
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heating the doped amorphous Si-containing .film to a temperature in the range of about 
550°C to about 700°C for a period of time effective to at least partially crystallize the doped 
amorphous Si-containing film. 

34. The process of Claim 33, wherein the doped amorphous Si-containing film is deposited by 
plasma-enhanced chemical vapor deposition. 

35. The process of Claim 33, wherein the doped amorphous Si-containing film is non- 
hydrogenated. 

36. The process of Claim 33, wherein the dopant precursor is selected from the group 
consisting of trisilylarsine and trisilylphosphine. 

37. The process of Claim 36, wherein the silicon source is selected from the group consisting 
of silane, disilane and trisilane. 

38. The process of Claim 36, wherein the doped Si-containing film comprises an amount of 
arsenic or phosphorous in the range of about 1 part per billion to about 1,000 parts per million. 

39. The process of Claim 33, wherein the period of time for the heating of the doped Si- 
containing film is in the range of about 2 minutes to about 1 hour 

40. An ion implantation process for making a doped Si-containing film, comprising 
providing a Si-containing film on a substrate, 

providing an ionization chamber upstream of the substrate, 

introducing a dopant precursor to the ionization chamber, wherein the dopant precursor 
comprises at least one silicon atom and at least one Group Ijl or Group V atom, 

ionizing at least a portion of the dopant precursor to form dopant excited species by 
applying electromagnetic energy to the dopant precursor, 

applying a magnetic field to the dopant excited species to create a sub-population of 
mass-selected dopant excited species, and 

directing at least a portion of the sub-population of mass^selected dopant excited species 
onto the Si-containing film to produce a doped Si-containing film. 

41 . The process of Claim 40, wherein the Si-containing film is a crystalline film. 

42. The process of Claim 41, wherein the crystalline film is a silicon carbide film and the 
dopant precursor is selected from the group consisting of (H3SO3N and (H3SO4N2. 

43. The process of Claim 40, wherein the dopant precursor is selected from the group 
consisting of (HsSi^MR*, (H 3 Si) 3 N, and (H 3 Si) 4 N 2 , wherein R is H or D, x = 0, 1 or 2, and M is selected from 
the group consisting of B, P, As, and Sb. 

44. The process of Claim 43, wherein the dopant precursor is selected from the group 
consisting of trisilylarsine and trisilylphosphine, 

45. The process of Claim 43, wherein the dopant precursor is (H3Si) 3 N. 
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46. The process of Claim 40, further comprising heating the doped Si-containing film to a 
temperature in the range of about 1 00°C to about 700°C. 

47. A method for making a doped Si-containing film, comprising: 
providing a Si-containing film, 

forming a plasma from a gas comprising a dopant precursor selected from the group 
consisting of (H 3 Si)3.xMR x , (H 3 Si)3N, and (HaSi^, wherein R is H or D, x = 0, 1 or 2, and M is 
selected from the group consisting of B, P, As, and Sb; and 

implanting active species of the dopant precursor from the plasma into the Si-containing 
film by ion implantation. 

48. The process of Claim 47, wherein the dopant precursor is selected from the group 
consisting of trisilylarsine and trisilylphosphine. 

49. The process of Claim 47, wherein implanting comprises a mass selection process. 

50. The process of Claim 47, wherein implanting comprises plasma immersion. 
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